Objective: Our objective was to estimate the effectiveness of disease-modifying drugs (DMDs) in delaying multiple sclerosis (MS) disability progression in relapsing-onset (R-onset) definite MS patients under "real-world" conditions.
EDSS progression of treated vs untreated groups have not been demonstrated. Delayed progression to selected EDSS endpoints has been reported in only one study. 6 If DMD treatment is in fact efficacious in delaying disability progression, weak RCT results may reflect various factors, such as slow disability progression, short study periods, limited study sample sizes, EDSS measurement limitations, and study population selection biases. If short study periods are the critical factor, significant results may emerge from long-term surveillance of RCT study participants. [24] [25] [26] [27] [28] [29] Regardless, postmarketing studies are required to demonstrate the effectiveness of DMDs in the "real-world" setting of clinical practice.
Short-term DMD effectiveness was estimated using pretreatment and posttreatment observational data from a representative population-based sample of R-onset MS patients, stratified into relapsing-remitting (RRMS) and secondary progressive (SPMS) groups. 19 Our study objective was to estimate the effectiveness of DMDs, as a class, in delaying MS disability progression in RRMS, SPMS, and R-onset patients under "realworld" conditions.
METHODS Study population. The Dalhousie Multiple
Sclerosis Research Unit (DMSRU) database has 25 years of clinical data, including up to 6 years of treatment data for all persons whose DMDs were paid for completely by Nova Scotia's public universal drug insurance coverage program, as an insurer of last resort. Included are 29 persons who enrolled, between July and October 1995, in a 24-month placebo RCT for interferon-1a 22 g subcutaneously weekly in RRMS. 30, 31 DMSRU clinical data were linked to Nova Scotia Department of Health vital statistics and health services utilization data using encrypted IDs. As part of this study, Health Utilities Index Mark III 8, 32 and certain other measures of health-related quality of life were administered at DMRSU visits between March 2002 and March 2004.
All persons in our study population had at least one DMSRU clinic visit between 1980 and March 2004. The DMSRU provides Nova Scotia's only specialized referral service for MS and is the sole source of provincially funded DMDs. Demographic data including years since onset (yso) of symptoms were recorded at first clinic visit. Neurologists estimated age at onset of MS symptoms from patient histories, and EDSS was recorded at each clinic visit, by the same three neurologists, from 1980 to January 2002. All clinic records in the period 1980 through 2004 were reviewed for all active attending patients as of March 2004, and for former DMSRU patients as of their last visit date or date of death. Patients were classified as RRMS or SPMS based on this review.
In 1998, DMDs were included as an insured benefit of the Exception Drug Fund, Nova Scotia Department of Health. This fund provides access to necessary medications for Nova Scotians who have no other means of obtaining funding for approved drugs. The treatment eligibility criteria for DMDs include a definite diagnosis of MS (Poser criteria), R-onset course, and EDSS Յ 6.5 at initial injection. The DMSRU delivers Nova Scotia's MS DMD program and is solely responsible for determining treatment eligibility, education, treatment prescriptions, monitoring, and treatment switches or termination. Prescriptions are dispensed by the Queen Elizabeth II Health Sciences Centre pharmacy. All DMD costs (except for a small dispensing fee) are borne by the Department of Health, which in turn bills private insurers to recover copayments for those few patients with partial private insurance coverage.
Before first injection, all patients must complete a DMSRU education program on expected treatment benefits and limitations, side effects and their management, longterm compliance commitments and responsibilities, and prospective monitoring of outcomes. Physicians and patients jointly choose any of the insured DMDs, based on clinical judgment regarding efficacy, route of administration, dosing frequency, adverse drug reaction profile, and patient preferences and past experience. Contraindications to therapy include concurrent illness likely to alter compliance or reduce life expectancy, pregnancy planned or occurring, nursing mothers, and active severe depression.
Analysis strategy. How does one go about estimating clinical effectiveness in delaying disability progression in a complex chronic progressive disease such as R-onset MS? Our strategy is guided by nautical advice that says, "If you don't know how to tie the right knot, tie plenty of them." Not knowing of a single "right" model, we estimated DMD effect size for various subgroups of treatment-eligible persons, using fixed effects models. Here we report models for R-onset patients who were treated with DMDs within 20 years since symptom onset (table 1) . DMD treatment effect size was estimated in absolute terms and also relative to MS natural history. Estimates of annual disability progression were made for pretreatment years, for treatment years, and for post-treatment years using 25 years of clinical data. This article estimates EDSS natural history paths and DMD treatment paths for an RRMS group, an SPMS group, and an R-onset group. These reference groups include persons with clinic visit data that met criteria chosen by the investigators. They are part of a larger population of DMD-treated and never-treated persons with R-onset definite MS who attended the DMSRU clinic in 1980 through 2004. Our retrospective analysis was stratified by "final" MS classification at March 31, 2004 , or most recent visit. A comprehensive record review validated this "final" classification variable. 19 The RRMS group included all persons with R-onset MS who had not converted to SPMS by their last visit, who had EDSS Յ 3.5 at clinic visits occurring up to 20 years since onset of MS, and who were treated with DMDs. The SPMS group included all persons who had converted to SPMS by their last visit, who had EDSS Յ 6.5 at clinic visits occurring up to 20 years since onset of MS, and who were treated with DMDs. Only five patients with RRMS and yso Յ 20 had at least one visit where EDSS Ͼ 3.5 and EDSS Յ 6.5. These five comprised only 1.3% of 395 treated persons with a final MS classification of RRMS and yso Յ 20. There were too few to make a separate group, and they were sufficiently atypical that we decided to exclude them from the RRMS reference group. They may be secondary progressive cases not yet classified as such.
The study groups were selected for the following reasons. Nova Scotia's DMD insurance program covers only R-onset definite MS patients with EDSS scores Յ 6.5 at onset of treatment. Clinic visit data up to 20 years was chosen because this time period is often used when modeling longterm treatment effectiveness and cost-effectiveness. We used the pretreatment data of our subjects as self controls rather than data from untreated subjects as controls because treated persons differ systematically from their never-treated contemporary counterparts, particularly with respect to disease severity.
We estimated the effectiveness of DMDs as a new class of drugs. Other studies have demonstrated efficacy. There are various reasons for analyzing DMDs as a class, rather than separately. A pragmatic reason is that by analyzing DMDs as a class, it is feasible to estimate DMD effectiveness for more subgroups and treatment scenarios. The analysis of DMDs as a class also facilitates the modeling of DMD switches, stops, and post-treatment progression paths, which is precluded when DMDs are analyzed separately.
Statistical models.
A basic and an expanded fixed effects model were used to estimate DMD absolute treatment effect size, measured by annual EDSS increase avoided per treatment year, as well as relative treatment effect size, measured by absolute treatment effect size divided by the estimated annual EDSS increase in pretreatment years. Hausmann tests indicated that fixed effects models, rather than random effects models, were appropriate. 33, 34 Our basic fixed effects model (table 2) estimated 1) annual EDSS change in pretreatment years (␤yso), 2) DMD absolute effect size per treatment year (␤DMDy), and 3) annual EDSS change in treatment years (␤yso ϩ ␤DMDy). Only years since onset and treatment years variables are modeled. Quadratic and cubic years since onset variables are Table 1 Descriptive statistics for three reference groups of DMD-treated persons with R-onset definite MS in the Nova Scotia study population Unit of observation ϭ clinic visit; DMD ϭ disease-modifying drug; R-onset ϭ relapsing-onset; MS ϭ multiple sclerosis; RRMS ϭ relapsing-remitting MS; EDSS ϭ Expanded Disability Status Scale; yso ϭ years since onset; SPMS ϭ secondary progressive MS.
included to test for nonlinear pretreatment EDSS paths. All EDSS observations are included in our models when estimating EDSS natural history path slopes and DMD treatment path slopes even though some observations may be transitorily high or low, because such fluctuations are characteristic of MS disability progression. (Nonlinear results are not presented graphically in this article.) Our expanded fixed effects model (table 3) includes additional standardizing variables for years after drug switches and for post-treatment years. This expanded model estimates mean annual EDSS change in 1) pretreatment years (␤yso), 2) treatment years using the first prescribed drug (␤yso ϩ ␤DMDy), 3) treatment years after switches to one or more other drugs (␤yso ϩ ␤DMDy ϩ ␤DMDsw), and 4) post-treatment years (␤yso ϩ ␤DMDy ϩ ␤DMDsw ϩ ␤pD-MDy ϩ ␤DMDy ϫ ␤pDMDy).
The models weight persons equally, regardless of their number of clinic visits, when estimating beta coefficients. Each ␤ coefficient estimate represents the marginal, or extra, effect of one independent variable on annual EDSS change, after standardizing for all other variables. To get estimated total (net) annual EDSS change for ever-treated persons after treatment starts, switches, or stops, the appropriate ␤ coefficients are added.
The models compute within-person, between-persons, and overall variance (R 2 ) of EDSS for the RRMS group, the SPMS group, and the R-onset group. Fixed effects models include only time-dependent variables explicitly. However, relevant time-invariant variables for each person are numerous and include such factors as date of birth, genetic endowment, age at onset, initial visit EDSS score and EDSS subscale scores, time from onset of symptoms to first injection, and age at first injection. These served as unmeasured standardizing variables in fixed effects model analysis of within-person annual EDSS change. Such time-invariant variables, which vary across persons, although they do not enter the model explicitly, account in part for systematic differences in results for within-person, between-persons, and overall explained variance (R 2 ) of EDSS scores.
A retrospective perspective is appropriate when interpreting DMD effectiveness estimates for the RRMS and SPMS groups, stratified by "final" classification as of March 2004. In contrast, an intention-to-treat perspective is appropriate when interpreting effectiveness estimates for the R-onset group, because their "final" classification was unknown when treatment was started. Table 1 contains descriptive statistics for the three reference groups of DMD-treated subjects. The RRMS group included 390 persons (2,156 visits), the SPMS group included 200 persons (1,451 visits), and the R-onset group included these 590 persons (3,607 visits). Pre-DMD treatment visits represented 36%, 47%, and 41% of all visits. Treatment duration ranged from a minimum of 0.1 year (37 days) to a maximum of 8.4 years (3,068 days). Almost all patients started treatment after August 1998 and had up to 5.6 years treatment duration as of March 2004. Twenty-nine patients who had participated in a clinical trial of interferon-1a 22 g subcutaneously weekly had up to 8.4 treatment years. Years since onset, which includes treatment years, had a mean of 8.9 years (SD 5.2) for the R-onset group. DMD ϭ disease-modifying drug; R-onset ϭ relapsing-onset; MS ϭ multiple sclerosis; yso ϭ years since onset; RRMS ϭ relapsing-remitting MS; EDSS ϭ Expanded Disability Status Scale; SPMS ϭ secondary progressive MS; Coeff ϭ coefficient.
RESULTS
Visits were less frequent and at more irregular intervals in pre-DMD years 1980 through 1998, when most visits were initiated by patients and their referring physicians when a consultation was needed. Since 1998, all patients receiving DMDs were required to return for an annual assessment as a condition for continuing treatment. Patients were seen more frequently for assessment and management of relapses, often with a visit 3 to 6 months after relapse in addition to mandatory yearly visits. Patients were also seen for symptom management. Irrespective of the type of visit, a neurologic examination was conducted and an EDSS was recorded.
A strength of our clinic data are that all patients except the 29 RCT participants were "DMD therapy naive" before August 1998. Only 4 of 590 patients treated with DMDs were treated concurrently with mitoxantrone. None of our study population patients were ever treated with cyclophosphamide, azathioprine, methotrexate, or any other immunosuppressive therapies. We used pulse steroids for acute relapses, with the usual protocol of 1 g methylprednisolone IV daily for 3 days, sometimes followed by a rapid taper with oral prednisone (over 1 to 2 weeks) but this is done for all patients, irrespective of DMD treatment. We did not use pulse steroids (oral or IV) monthly or otherwise, in absence of relapses.
Basic fixed effects model estimates of annual EDSS disability progression in pretreatment and post-treatment years (table 2) are shown in figures 1 and 2 . The estimated pretreatment EDSS increase per year (␤yso) was 0.098 EDSS points for the RRMS group, 0.317 EDSS points for the SPMS group, and 0.162 EDSS points for the R-onset group. Estimates of the absolute treatment effect (␤DMDy) were consistently negative and reflected decreased accumulation of disability per treatment year. For the RRMS group, treatment with DMDs resulted in a statistically significant absolute treatment effect estimate of Ϫ0.098 EDSS points change per year (p ϭ 0.000), for a relative treatment effect size of 100%. Estimates for the SPMS group were much smaller (Ϫ0.025 EDSS points, relative treatment effect 8%) and not significant (p ϭ 0.292). Estimates for the combined R-onset group were large (Ϫ0.145 EDSS points, relative treatment effect 90%) and significant (p ϭ 0.000). Results from our expanded fixed effects model (table 3) , which standardized for years since onset of MS, treatment years, drug switches, treatment termination, and years since termination, are illustrated in figures 3 through 5. Figure 5 shows, for the RRMS, SPMS, and R-onset groups, estimates of annual EDSS change in 1) pretreatment years, 2) DMD treatment years in which the first prescribed drug was used, 3) treatment years after switches to another drug occurred at least once, and 4) post-treatment years after treatment termination. (The x-axis in figure 5 is arbitrarily divided into four equal time intervals.) Expanded model estimates of annual EDSS change during pretreatment years were similar to, but slightly smaller than, the basic model estimates. Expanded model estimates of DMD effectiveness for persons treated with only one drug were significant for the RRMS group (Ϫ0.103 EDSS increase avoided per treatment year, p ϭ 0.000), the SPMS group (Ϫ0.065 EDSS increase avoided, p ϭ 0.011), and the R-onset group (Ϫ0.162 EDSS increase avoided, p ϭ 0.000), whereas estimated relative treatment effect size were 112%, 21%, and 105%.
The effect of drugs switches on accumulation of disability was consistently positive, with all groups showing an increase in the rate of disability progression after the first switch. While the estimated positive incremental annual EDSS change in years after drug switches was not significant for the RRMS group (0.067 EDSS points, p ϭ 0.333), it was significant for the SPMS group (0.473 EDSS points, p ϭ 0.000) and the R-onset group (0.174 EDSS points, p ϭ 0.015). Estimated additional positive incremental annual EDSS change in years after DMD treatment termination were not significant for the RRMS and SPMS groups, but were significant for the combined R-onset group.
Three goodness-of-fit R 2 statistics are reported for fixed effects models: a within-person R 2 , a between-persons R 2 , and an overall R 2 . Similar patterns emerged from the basic and expanded models, with slightly larger R 2 for the expanded model. For the RRMS group, all three R 2 statistics were small (Յ0.056). For the SPMS group, the within-person R 2 was very large (0.511), the between-persons R 2 was very small (0.015), and the overall R 2 was 0.138. For the R-onset group, the within-person R 2 was 0.282, the betweenpersons R 2 was 0.090, and the overall R 2 was 0.118. overall benefit for R-onset patients on DMDs.
There are no RCT results directly comparable to these observational results for R-onset MS.
Our effectiveness results for R-onset patients classified as RRMS or SPMS are roughly similar to comparable RCT efficacy results that examined mean change in EDSS scores within their study periods for treatment and placebo groups. Both Phase III studies and this Phase IV study estimate small absolute effect size per treatment year, measured by EDSS increase avoided, and both estimate very large relative treatment effect size in RRMS groups compared with SPMS groups. For example, our DMD relative effect size estimates in RRMS range from 100% (basic model) to 112% (expanded model) for persons treated with a single DMD, whereas comparable RCT efficacy estimates range from 50% 5 to 132%. 11 Our relative effect size estimates in SPMS range from 8% (basic model) to 21% (expanded model) for persons treated with a single DMD, whereas comparable RCT efficacy estimates range from 16% 10,21 to 32%. 6 Whereas RCT efficacy studies have demonstrated only trends toward significance, our estimates are highly significant and robust. Although this greater significance may reflect larger study groups and longer treatment duration, other factors may also contribute. RCTs used matched placebo control groups, whereas we used DMDtreated persons as their own self-controls. RCTs compared treatment and control groups prospectively from the time of recruitment without standardizing for previous natural history progression, whereas our fixed effects models were populated with 1980 through 2004 EDSS data to estimate annual EDSS change for each person and their study group in pretreatment, treatment, and post-treatment years. Forty-one percent of R-onset group EDSS visit observations occurred in pretreatment years. RCTs estimated efficacy for particular DMDs, whereas we estimated effectiveness for DMDs as a class, using data from all treated persons irrespective of which DMDs were used and in what sequence. We classified persons in RRMS and SPMS groups retrospectively at the study end date, whereas persons in RCT studies were classified prospectively at recruitment.
Our expanded model estimated DMD effect size while standardizing for treatment years on the first prescribed drug (comparable with RCTs), treatment years on a second or third drug, and years since DMD treatment was stopped. Our study estimated that annual EDSS change was more rapid in years after drug switches and termination of treatment, whereas RCTs were unable to address this issue. Our results suggest that DMD switches and stops, in the context of clinical practice, may be markers for unmeasured biologic or other confounding factors, such as adverse drug reactions, antibody development, or comorbidities that increase MS disability progression.
Our Phase IV effectiveness estimates for DMDs as a class complement Phase III RCT efficacy results for particular DMDs. RCT study samples are not representative of MS populations, whereas DMSRU clinical data are represen- tative of Nova Scotia's MS population, particularly since 1998, when DMD insurance coverage began. EDSS progression rates in Nova Scotia more closely resemble the relatively slow rates recently reported from British Columbia 35 rather than the faster rates reported in earlier studies from Ontario 28 and Sweden. 36 RCT studies have high internal validity but low external validity, whereas Phase IV observational studies have lower internal validity but higher external validity.
The interpretation of dose-response statistical relationships in prospective placebo-controlled RCTs with high internal validity is clearer than is the interpretation of statistical associations described by retrospective observational studies with relatively low internal validity. For example, whereas it is plausible to interpret descriptive statistical associations between treatment years on a single DMD and slower EDSS progression as a causal dose-response relationship, it is implausible to interpret descriptive statistical associations between drug switches or treatment termination and faster EDSS progression as dose-response relationships. In both cases, there are confounding factors present, including placebo effects, whose role may be clarified by further research. More frequent visits in the post DMD era may well have been a factor (in terms of better management of symptoms and involvement of allied health professionals) in slowing disability progression.
The development of neutralizing antibodies (Nab ϩ ) after interferon beta treatment has been shown to reduce treatment effect size and to increase EDSS annual progression rate. 22 Because our models do not standardize for NAb ϩ , we likely underestimate effect size for NAb-negative subgroups and overestimate effect size for NAb ϩ subgroups.
DMD effectiveness was examined by comparing individuals' estimated annual changes in EDSS scores in the years before and after treatment. Because the EDSS is an ordinal scale, and not an interval measure, it can be argued whether mean annual EDSS change is a meaningful outcome. However, we have previously shown that, despite its limitations, the EDSS has high concordance with the Health Utility Index, a measure of health-related quality of life that does have interval measurement properties, and that concordance is highest in EDSS range 0 to 6.5.
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DMDs are not expected to be equally effective for all R-onset patients and in all stages of disability progression. Our varying estimates for persons with R-onset definite MS, RRMS, or SPMS illustrate the complexity of MS disability progression and the challenges of estimating the extent to which DMDs delay progression. Because a single "right" model for estimating MS natural history and DMD effectiveness remains elusive, we adopted a research strategy that applies the same Annual EDSS change before and after DMD treatment: Expanded model Estimated annual Expanded Disability Status Scale (EDSS) change in pretreatment years, disease-modifying drug (DMD) Rx ϭ 1 years, DMD Rx Ͼ 1 years (after switches), and DMD Rx ϭ 0 years (after stopped), for relapsing-remitting multiple sclerosis (RRMS), secondary progressive multiple sclerosis (SPMS), and relapsing-onset (R-onset) groups of DMD-treated persons.
model when estimating DMD effectiveness for various patient subgroups. A general picture then emerges of how DMD effectiveness varies across subgroups. This is one way of dealing with MS complexity when analyzing large databases. This article reports effect size estimates for an RRMS reference group with mild disability, an SPMS reference group with mild or moderate disability, and a combined R-onset reference group with up to 20 years since onset. Further research could retrospectively estimate DMD effectiveness in other subgroups, such as those that include ever-treated and never-treated controls and groups that differ by disability severity, years since onset, and treatment duration. Comparison of groups who switched drugs with those who did not switch could also be undertaken. DMD effectiveness could also be estimated with patient health status measured by a generic health utilities index instead of the MS-specific EDSS.
The current study did not estimate, directly, whether DMDs extend the time spent within "mild" and "moderate" disability severity categories or whether DMDs increase the time spent with an RRMS classification before being reclassified as SPMS. However, because our estimates show that DMDs slow EDSS progression in groups with "mild" disability (no ambulatory aids needed) and "moderate" disability (ambulatory aids needed eventually), it is likely that the time from onset to "severe" disability (wheelchair dependence) and "extreme" disability (confined to bed) also increases.
"Real-world" effectiveness evidence such as that presented here contributes to ongoing debates regarding which patients are good candidates for DMDs and, if so, when treatment should start, switch, or cease. Although DMD treatment years data in this study is longer than that in all but one pivotal RCT, it still represents relatively "short-term" treatment. The credibility of Phase IV study estimates will increase as treatment duration data accumulates. Short-term effectiveness evidence is required when modeling long-term effectiveness and cost-effectiveness. It is also useful in simulation studies of the effectiveness and cost-effectiveness of emerging DMDs, of DMD combination therapies, and of genetic markers that may predict disease course in R-onset MS and response to DMD treatment. Because Nova Scotia estimates of DMD relative treatment effect size for RRMS subgroups are very large (100% to 110%) for the initial DMD, treatment may temporarily arrest disability progression or even reduce disability slightly. Given this evidence, incremental health outcomes (beyond that attributable to current DMDs) from treatment with newer DMDs and with DMD combination therapy may be small for those RRMS patients who are able to continue treatment on their initial DMD. If so, incremental cost-effectiveness ratios for newer DMDs and combination therapies will likely be larger than those for current DMDs, depending on pricing. The development of genetic markers capable of predicting disability progression and "final" MS classification for persons with R-onset MS would greatly facilitate clinical decisions regarding which patients to treat, which drugs to prescribe, and for how long. If such genetic markers also identify persons destined to have very little disability progression over their lifetime, unnecessary long-term DMD treatment may be avoided.
